Studies of the Vibrio cholerae population, using molecular typing techniques, have shown the existence of several pathogenic clones, mainly sixth-pandemic, seventh-pandemic, and U.S. Gulf Coast clones. However, the relationship of the pathogenic clones to environmental V. cholerae isolates remains unclear. A previous study to determine the phylogeny of V. cholerae by sequencing the asd (aspartate semialdehyde dehydrogenase) gene of V. cholerae showed that the sixth-pandemic, seventh-pandemic, and U.S. Gulf Coast clones had very different asd sequences which fell into separate lineages in the V. cholerae population. As gene trees drawn from a single gene may not reflect the true topology of the population, we sequenced the mdh (malate dehydrogenase) and hlyA (hemolysin A) genes from representatives of environmental and clinical isolates of V. cholerae and found that the mdh and hlyA sequences from the three pathogenic clones were identical, except for the previously reported 11-bp deletion in hlyA in the sixth-pandemic clone. Identical sequences were obtained, despite average nucleotide differences in the mdh and hlyA genes of 1.52 and 3.25%, respectively, among all the isolates, suggesting that the three pathogenic clones are closely related. To extend these observations, segments of the recA and dnaE genes were sequenced from a selection of the pathogenic isolates, where the sequences were either identical or substantially different between the clones. The results show that the three pathogenic clones are very closely related and that there has been a high level of recombination in their evolution.
Vibrio cholerae is a gram-negative bacterium which comprises part of the autochthonous microflora of aquatic environments, often found in close association with a variety of algae and crustaceans (13, 14, 22, 24) . Of medical importance, however, is that certain members of the species have evolved mechanisms to become pathogenic to humans, with the potential to cause the severe life-threatening diarrheal disease cholera. A characteristic of the disease is its ability to emerge as explosive outbreaks in human populations. Since epidemiological records of cholera were initiated, the outbreaks have been divided into seven pandemics, with the fifth, sixth, and seventh pandemics caused by strains which carry the O1 antigen (39) .
At the end of 1992, a strain of V. cholerae with a novel antigen emerged as a major cause of cholera around the Bay of Bengal in India and Bangladesh (11, 41) . Prior to this, non-O1 V. cholerae strains were known to be responsible only for sporadic cases of gastroenteritis and for extraintestinal infections (36) . The new form of the antigen was designated O139, and the strain is known as V. cholerae O139 Bengal, after its initial appearance in the Indian subcontinent. V. cholerae O139 Bengal rapidly spread through the immunologically naive populations in neighboring Asian countries. Genetic studies indicate it is closely related to the O1 seventh-pandemic clone and presumably arose by lateral transfer of genes for lipopolysaccharide biosynthesis from an O139 strain to an organism of the seventh-pandemic clone (4, 5) .
The techniques traditionally used to assess the relationship between V. cholerae isolates were based mainly on the biochemical characteristics. Recently, various molecular biologybased techniques have been used to study the relationships among clinical and environmental isolates. They include multilocus enzyme electrophoresis (MLEE) (10, 16, 45) , pulsefield gel electrophoresis (PFGE) (9) , ribotyping (25, 40) , and randomly amplified polymorphic DNA (RAPD) (43, 46) , which have differentiated isolates of the V. cholerae population into different electrophoretic types (ETs or zymovars), PFGE types, ribotypes, and RAPD fingerprint types, respectively. Application of these molecular epidemiological techniques has shown the existence within the V. cholerae population of several pathogenic clones, primarily isolates considered to be remnants of the sixth pandemic, isolates from the seventh pandemic, and isolates from the U.S. Gulf Coast region of North America.
Another molecular technique which has been used to study the relationships of the pathogenic clones to the predominantly nontoxigenic, environmental isolates of V. cholerae is comparative nucleotide sequence analysis. This technique provides particularly valuable data for population genetic studies, aimed at determining the genetic structures of populations of bacteria and understanding the evolutionary processes that affect rates of nucleotide and amino acid substitutions. Karaolis et al. (26) analyzed the sequence variation in the asd gene from 45 isolates of V. cholerae. No variation was found within the sixth-pandemic, seventh-pandemic, or U.S. Gulf Coast clones, but the asd sequences of the three clones were not closely related.
A single locus may not be representative of a given genome, and as MLEE and other data are discordant with the conclusion from the asd sequences, we sequenced the mdh (malate dehydrogenase [MDH]) gene and a segment of the hlyA (hemolysin) gene from 32 isolates of V. cholerae. In contrast to findings for the asd gene, we found no variation in the mdh gene and hlyA gene (except for the 11-bp deletion in the sixthpandemic clone) within or between isolates of the pathogenic clones, suggesting that the clones are very closely related. This observation was supported by the limited sequencing of segments of the recA and dnaE genes, which also showed that the level of recombination is high for V. cholerae.
MATERIALS AND METHODS
Bacterial isolates. In this study, we examined a total of 33 V. cholerae isolates, comprising 13 O1 clinical isolates of the sixth-pandemic clone (M642, M644, M648, M967, and 569B), along with isolates from pre-seventh-pandemic outbreaks (M543, M640, M645, and M802), from the seventh-pandemic outbreak (M663 and M793), and from outbreaks in the U.S. Gulf Coast region (M794 and M796); 2 O1 nontoxigenic environmental isolates (M535 and M536); 2 O139 Bengal isolates (M539 and M831); and 16 environmental, nontoxigenic, non-O1,  non-O139 isolates (M548, M549, M550, M551, M552, M553, M554, M555,  M556, M557, M558, M559, M560, M561, M562 , and M563). These isolates are from diverse geographical locations and were previously described by Karaolis et al. (26) . Strain M967 (#75) is a sixth-pandemic isolate from Japan (1921), and 569B is a remnant of the sixth pandemic from India (1940). Vibrio mimicus M547 was selected for use as an outgroup.
DNA methods. Isolates were stored at Ϫ70°C and subcultured onto nutrient agar, from which a single colony was selected and chromosomal DNA was extracted as previously described (3) . PCR was performed in reaction mixtures containing 50 mM KCl, 10 mM Tris-HCl (pH 9.0), 1.5 mM MgCl 2 , bovine serum albumin (200 g/ml), 100 M each deoxyribonucleoside triphosphate, 0.3 M each primer, purified chromosomal DNA (ϳ10 ng/l), and Taq polymerase (0.02 U/l). Amplification was performed in an FTS-960 thermal cycler (Corbett Research) with the following program: denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 15 s, 50 to 60°C for 15 s, and 72°C for 30 s, and a final cycle of 72°C for 10 min. Amplified products were resolved by 1% agarose gel electrophoresis with 0.5ϫ Tris-borate-EDTA as the running buffer and visualized by ethidium bromide staining followed by UV transillumination. PCR primers used in this study are listed in Table 1 . PCR amplicons were purified by using the Promega Wizard PCR purification system and sequenced by the dye terminator method at the Sydney University and Prince Alfred Hospital Macromolecular Analysis Centre, using a model 877 integrated thermal cycler and model 377 automated DNA sequencer (Applied Biosystems).
Sequencing of the mdh gene of V. cholerae M793. Degenerate primers 502 and 457 were based on highly conserved regions in MDH of closely related species (Photobacterium spp. [accession no. P37226 {52}], Escherichia coli [accession no. M24777 {50}], and Salmonella enterica [accession no. P25077 {31}]) and used in a PCR with chromosomal DNA from strain M793. The expected fragment of 742 bp was excised from a 1% low-melting-temperature agarose gel with 1ϫ Trisacetate-EDTA as the running buffer, purified by using the Promega Wizard PCR purification system, and ligated into the cloning vector pGEM-T (Promega) for dye-labeled primer sequencing.
Primers 516 and 517, based on the partial mdh sequence of V. cholerae M793, were used in an inverse PCR (IPCR) (21) to amplify the flanking regions. The primers amplified a fragment of approximately 800 bp from the template DNA derived by digestion with PstI, which was cloned and sequenced as described above. Amplification of IPCR fragments from templates obtained from digestions with AccI, StyI, NcoI, SalI, SphI, XhoI, AflII, BclI, BglII, BssHII, EcoRI, SacI, and XbaI was unsuccessful.
Sequencing of the mdh, hlyA, recA, and dnaE genes from selected V. cholerae strains. Primers 540 and 541, based on the flanking sequences of the mdh gene of strain M793, were used to amplify and sequence a 1,039-bp fragment containing the entire 936-bp coding region of the mdh gene from purified chromosomal DNA. These primers failed to amplify from V. mimicus M547 and V. cholerae M552; however, PCR amplicons and partial mdh sequences were obtained from these isolates by using degenerate primers 584 and 585.
Primers 644 and 645, based on the hlyA sequence of V. cholerae 017 (accession no. Y00557 [1] ), were used to amplify and sequence a 1,038-bp segment of the 2,226-bp coding sequence of the hlyA gene. Primers 644 and 645 failed to amplify from strains M547 and M552, despite the lower stringency of annealing conditions. Primers 884 and 885, based on the recA sequence of V. cholerae 017 (accession no. X71969 [49] ), were used to amplify and sequence a 1,041-bp segment of the 1,061-bp coding sequence of the recA gene. Primers 713 and 714, based on the dnaE sequence of V. cholerae C6706 (accession no. U30472 [19] ), were used to amplify and sequence a 1,067-bp segment of the 3,477-bp coding region of dnaE.
Computer analysis of the sequences. The nucleotide sequences of the mdh, hlyA, recA, and dnaE genes were edited and assembled with the TED (20) and GAP4 (47) programs. Sequences were aligned with the CLUSTALW program, and phylogenetic analysis was performed with PHYLIP (17) and MULTICOMP (42) . These programs are accessed through the Australian National Genomic Information Service at the University of Sydney.
Phylogenetic trees were constructed by the neighbor-joining method (44) for the mdh and hlyA genes (Fig. 2) . The mdh gene tree was rooted with the partial mdh sequence from V. mimicus M547. The hlyA gene tree was rooted with the vmhA sequence of V. mimicus (accession no. U68271 [28] ), which shows 76% nucleotide identity to hlyA from pathogenic isolates and is clearly the same gene with a different name.
Nucleotide sequence accession numbers. The GenBank accession numbers for the nucleotide sequences determined in this study are AF117833 to AF117883.
RESULTS
Sequence of the V. cholerae mdh gene. At the time this study was initiated, no suitable housekeeping genes from V. cholerae were available in the databases. The mdh gene, coding for the metabolic enzyme MDH, was selected because it has been used previously for population studies, which would enable comparison of mdh variation between species (7). Also, the mdh gene trees constructed for E. coli and S. enterica isolates were shown to be congruent with phylogenetic relationships inferred from MLEE.
The mdh gene from strain M793 was sequenced by degenerate PCR and IPCR. The mdh gene shows high levels of similarity to the mdh genes of other bacteria: 72.33% identity to mdhA of a Photobacterium sp. (81.4% amino acid identity; accession no. P37226) and 72.44% identity to mdh of E. coli (79.8% amino acid identity; accession no. M24777). Surprisingly, the V. cholerae mdh gene shows only 70.5% identity to the mdh gene from a psychrophilic Vibrio sp. (37) , which shows greater similarity to the mdhA gene of a Photobacterium sp. (74% identity). If the difference in the mdh genes of V. cholerae and the Vibrio sp. isolate reflects the overall genetic differences in their genomes, the taxonomical classification of these isolates requires reassessment.
The mdh gene of V. cholerae is 936 bp in length, coding for 311 amino acids. Compared to other bacterial mdh sequences, the V. cholerae MDH is one amino acid shorter than the 312-residue MDH of other, closely related species (37, 52) .
Within the sequence obtained from the 0.8-kb IPCR fragment, a partial open reading frame was identified 327 bp upstream of mdh and in the opposite orientation (data not shown). The open reading frame identified shows 70.7% identity to the argR gene of E. coli (accession no. M17532 [30] ). The argR gene is also found upstream of and in the opposite orientation from mdh in the E. coli and Haemophilus influenzae genomes, which suggests that the gene order around the mdh locus has been conserved in these bacteria.
Nucleotide sequence variation in V. cholerae mdh. The nucleotide sequence of the 936-bp coding region of mdh was determined for 32 isolates and a partial mdh sequence obtained from strain M552. Among the 32 complete mdh sequences, 16 variants were identified. Interestingly, 14 of the 15 pathogenic isolates used in this study have identical mdh sequences, the exception being the pre-seventh-pandemic strain M645. Other isolates with identical mdh sequences were environmental isolates M535 and M553, M557 and M558, and M559 and M560. For comparative analysis, the 16 unique mdh sequences were used. There were 64 polymorphic sites within the mdh sequences analyzed ( Fig. 1) , with the majority of the substitutions occurring at the 3Ј end of the gene (codons 151 to 311). Similarly, the polymorphisms detected in mdh of E. coli and S. enterica were mostly within the 3Ј region of the gene (7) . Of the 64 nucleotide substitutions, 57 occurred at the third base of a codon, 1 was at the second base, and 6 were at the first base. Four nonsynonymous substitutions, representing 1.28% of the 311 codons, were found. Of the 64 polymorphic sites, 36 were phylogenetically informative (at least two bases present in two or more of the 16 sequences).
The average pairwise difference for the 16 mdh sequence variants was 1.52%, with a maximum of 4.49% observed between strains M553 and M554 (Table 2 ). This is similar to the average pairwise difference for 21 unique sequences of asd (1.41%). Average nucleotide differences in mdh variants from E. coli and S. enterica populations were 1.1 and 4.5%, respectively, (7) .
The mdh sequences of the pathogenic isolates (except M645) were all identical, suggesting that the pathogenic clones are very closely related. The sequence is most similar to that of the environmental isolate M549, with seven synonymous substitutions and a pairwise difference of 0.75%. The pre-seventhpandemic isolate M645 differed from the other pathogenic isolates at 1.18% of the nucleotide sites and was most similar to environmental isolates M559 and M560 (0.64% difference).
Partial mdh sequences from V. mimicus M547 and from strain M552 revealed that the average pairwise difference between the typical V. cholerae isolates and M547 is 10.52%, whereas M552 differed from the other V. cholerae isolates at 11.87% and from M547 at 10.45% of the nucleotide sites. The level of divergence of strain M552 from the other V. cholerae isolates and from V. mimicus suggests that it may represent a different species. hlyA. The hlyA gene codes for the hemolysin which is traditionally used to differentiate between the two biotypes of V. cholerae. It was selected for this study because it is ubiquitous within V. cholerae (8) , suggesting that it probably plays a role in the survival of V. cholerae in its natural environment. The loss of hemolytic function among isolates of the sixth pandemic and the gradual loss in isolates from the seventh pandemic would indicate that it is not essential for human pathogenesis (2) .
The nucleotide sequence of a 1,038-bp segment of hlyA, extending from codons 12 to 358 and representing 46.6% of the 2,226-bp coding region of hlyA, was determined for 32 V. cholerae isolates. This segment could not be amplified from V. cholerae M552 and V. mimicus M547, even when less stringent conditions were used. From the 32 isolates studied, 17 different hlyA sequences were identified. Similar to the findings for the mdh gene, 14 of the 15 pathogenic isolates have the same hlyA sequence (except for the 11-bp deletion in sixth-pandemic isolates [1] ). A different hlyA sequence is also shared by the environmental isolates M555, M559, and M560.
Analysis of the 17 hlyA sequence variants revealed 121 polymorphic nucleotide sites ( codon, 16 at the second base, and 21 at the first base. We found 61 polymorphic sites to be phylogenetically informative, with detection of 24 nonsynonymous substitutions, which represents 6.94% of the 346 residues studied. The average pairwise percent difference within the V. cholerae isolates studied was 3.21%, with a maximum difference of 7.23% observed between isolates M549 and M554 ( Table 2 ). The level of variation in hlyA is more than twice that observed in asd and mdh. The hlyA sequence from the pathogenic isolates is most closely related to the hlyA sequence of environmental O1 isolate M535, with a difference of 1.16% of the nucleotides.
Evidence for recombination. Application of the Stephens test for nonrandom clustering of polymorphic nucleotide sites (48) revealed no detectable cases of intragenic recombination over the 936-bp coding region of mdh. However, a significant partition of 60 bp (bases 354 to 414) (Fig. 1) supported by 16 sites was detected in the hlyA sequences, which separates all of the pathogenic strains (except M645) and the environmental isolates M535, M536, M548, M549, M550, M551, and M553 from the other isolates studied (P Ͻ 0.00001). Of the 16 sites, 4 were nonsynonymous, resulting in three amino acid substitutions. As several environmental isolates were affected by the recombination event, which is obscured by subsequent mutation within or proximal to the recombinant region, the recombination event probably occurred significantly before the emergence of the V. cholerae pathogenic clones. Omitting this region, the average pairwise difference between isolates falls to 2.25%, still higher than that for asd or mdh.
Phylogenetic analysis. Phylogenetic trees constructed from the mdh and hlyA sequences (Fig. 2) , with and without the regions involved in recombination, show few examples of congruence between the two trees. Low bootstrap values were obtained for most of the nodes in the mdh gene tree, possibly due to recombinational events in mdh which were not detected by the Stephens test. The recombination in hlyA distributed the set of strains into two distinct clusters, which is evident even with the 60-bp segment omitted.
Strain M554 is the most divergent V. cholerae strain, as was expected from the pairwise comparisons, although in the mdh tree, strains M557 and M558 cluster with strain M554, whereas in the hlyA tree, they cluster with the other isolates. The clinical pre-seventh-pandemic isolate M645 is found in different clusters than the other pathogenic isolates in both gene trees and has a significant sequence divergence from them in the mdh and hlyA genes, with 1.18 and 3.92% nucleotide differences, respectively.
Nucleotide sequence variation in recA and dnaE. There is no variation within the mdh and hlyA genes for 14 pathogenic isolates of V. cholerae, whereas three distinct sequences are found for asd. To extend these observations, two more genes were selected for sequencing. At the time these experiments were done, sequences of housekeeping genes from biosynthetic pathways more traditionally used for such studies were not available in the databases. Segments of the recA (coding for the RecA protein involved in homologous recombination) and dnaE (coding for the ␣ subunit of the DNA polymerase III holoenzyme) genes were selected because they encode proteins involved in housekeeping roles and therefore are not expected to be under diversifying selection. Sequences were obtained from four isolates of the sixth-pandemic clone (M642, M648, M967, and 569B), four pre-seventh-pandemic outbreak isolates (M645, M802, M543, and M640), two seventh-pandemic isolates (M793 and M663), two U.S. Gulf Coast isolates (M794 and M796), and two non-O1, non-O139 environmental isolates (M549 and M553) which are closely related to the pathogenic isolates in the mdh and hlyA genes.
recA. A 1,041-bp fragment of the recA gene, from positions 25 to 1065 (residues 9 to 354), representing 98.11% of the 1,061-bp coding region, was sequenced for the 14 selected V. cholerae isolates. All the pre-seventh-pandemic (except M645), seventh-pandemic, and U.S. Gulf Coast isolates had the same recA sequence, which is identical to the published recA sequence (accession no. U10162 [32] ), in agreement with the differences noted for previously published recA sequences (accession no. X71969 [49] and X61384). The recA sequence of the sixth-pandemic clone differs from that of the seventh-pandemic and U.S. Gulf Coast clones at 48 nucleotide sites, or 4.59% the 1,041-bp segment (Table 3) . Of the 48 substitutions, 3 were nonsynonymous. The recA sequence from isolates of the sixth-pandemic clone in this study, one of which is strain 569B, differed from the GenBank sequence of recA from strain 569B (accession no. L42384), which is identical to the recA sequence (U10162) from a U.S. Gulf Coast isolate. We believe that GenBank entry L42384 is recA of a seventh-pandemic strain. The recA sequence difference between the sixth-and seventh-pandemic clones was greater than that observed between the clones in the asd locus. Visual inspection of the polymorphic sites (Fig. 3 ) within the recA sequences shows that the sixth-pandemic clone and the environmental isolate M549 differ substantially from the other recA sequences between bases 765 and 1011 at 15 sites, indicative of a recombination event. This conclusion is supported by statistical analysis of the data, using the Stephens test, which detected a significant partition, supported by the 15 sites, between (i) strain M549 and the sixth-pandemic isolates and (ii) the other V. cholerae isolates studied (P Ͻ 0.00001).
dnaE. A 1,067-bp fragment of the dnaE gene, from positions 1 to 1128 (residues 21 to 376), representing 30.69% of the 3,477-bp coding region, was sequenced for the 14 selected V. cholerae isolates. The sequences revealed that isolates of the sixth-and seventh-pandemic clones and from pre-seventh-pandemic outbreaks (except M645) all have the same dnaE sequence, which differs from that of the U.S. Gulf Coast clone at 21 synonymous sites, which represents 1.97% of the 1,067-bp sequence (Table 3 ). There was one site of conflict between the sequence from the seventh-pandemic clone and the published dnaE sequence of strain C6706 (accession no. U30472 [19] ), at position 1027, which results in an amino acid substitution from Val to Ile at residue 343. However, as the dnaE sequences from 10 isolates in this study were identical, we are confident that our sequence is correct.
The dnaE sequence of the U.S. Gulf Coast clone was most similar to that of the environmental isolate M549, differing at only six nucleotide sites, which represents 0.56% of the region sequenced. Visual inspection of the polymorphic sites (Fig. 3) suggests that the U.S. Gulf Coast clone and M549 may have undergone recombination between bases 135 and 645, an inference supported by application of the Stephens test (P Ͻ 0.02594). The dnaE sequence from the sixth-and seventhpandemic clones is most similar to that of environmental isolate M553, with a pairwise difference of 0.28%. 
DISCUSSION
The species V. cholerae shows considerable variation in ETs (16, 45) , ribotypes (25, 29, 40) , PFGE types (9), RAPD fingerprint types (43, 46) , and insertion sequence fingerprint types (6) . MLEE studies, which analyze the electrophoretic mobility differences in multiple housekeeping enzymes to determine strain relationships, have differentiated several ETs among pathogenic isolates, being remnants of the sixth-pandemic isolates seventh-pandemic (including O139 Bengal) isolates, isolates from the Latin American outbreak and from outbreaks in the U.S. Gulf Coast region (10) , and clinical isolates from Australia (15) and the Amazon rainforest (12) . The pathogenic isolates all exhibit similar electrophoretic profiles, differing at only 1 to 3 of the 12 to 16 loci analyzed, implying a closer relationship among these pathogenic ETs than to most of the ETs represented by the predominantly nonpathogenic, environmental isolates, which display diverse electrophoretic patterns and serotypes.
One method to confirm and clarify the phylogenies inferred from the MLEE studies is comparative nucleotide sequence analysis of housekeeping genes, which detects synonymous as well as nonsynonymous substitutions in chromosomally located genes for pairwise comparisons and construction of phylogenetic trees.
Nucleotide sequence variation in mdh, hlyA, recA, and dnaE. The mdh gene and a segment of the hlyA gene were analyzed for 32 V. cholerae isolates. Identical mdh and hylA sequences were found in isolates of the sixth-pandemic clone (except for an 11-bp deletion in hlyA) and isolates from pre-seventh-pandemic (except M645), seventh pandemic, O139 Bengal, and U.S. Gulf Coast outbreaks. The mdh and hlyA sequences from the pathogenic isolates were distinct from the sequences obtained from the environmental nontoxigenic, non-O1, non-O139 isolates, where the average pairwise nucleotide differences between variants were 1.52 and 3.21%, respectively. The pathogenic isolates (except M645) generally have identical recA and dnaE genes, although for recA, the sixth-pandemic clone differed substantially from the other pathogenic isolates, while for dnaE, the U.S. Gulf Coast clone had a sequence which differed substantially from that of the other pathogenic strains.
The frequent occurrence of identical housekeeping genes among the pathogenic isolates suggests that the pathogenic clones are indeed closely related, despite three asd sequence variants being present among these clones, as it seems highly unlikely that identical mdh, hlyA, recA, and dnaE genes could have been transferred into independent lineages, even by means such as hitchhiking with genes acquired as part of their adaptation to pathogenesis.
The pre-seventh-pandemic El Tor outbreak strains M543, M640, and M802, but not M645, can be considered at this stage to be precursors to the seventh-pandemic isolates, as for the five genes studied there are no differences between them and the seventh-pandemic isolates. Strain M645 appears to be an anomalous clinical isolate, as it differed from the other pathogenic isolates in all of the five genes studied and was located within different clusters than the other pathogenic isolates in the mdh and hlyA gene trees.
For each of the genes asd, mdh, hlyA, recA, and dnaE, there is no variation within the sixth-pandemic, seventh-pandemic, or U.S. Gulf Coast clones. These clones are clearly closely related, as for each pair they were identical at two or three of the five genes analyzed (Fig. 4) . The significant nucleotide differences at the other loci must be due to recombination, as it seems inconceivable that mutation alone could give such levels of divergence while other genes did not diverge at all. The genes all encode proteins involved in housekeeping functions, with no reason to expect differences in the level of selection to account for the disparity in sequence variation in the different genes. Only the 11-bp deletion in the hlyA gene of the sixth-pandemic clone is attributed to mutation, and this mutation in the sixth-pandemic clone may well have been established by selection, as hlyA-negative forms appeared soon after the major expansion of the seventh-pandemic clone. Thus, among the 4,082-bp sequence in the four genes, there are no differences in the three pathogenic clones attributed to random genetic drift of neutral mutation. This finding indicates a much closer relationship than can be inferred from MLEE data. MLEE studies show that the seventh-pandemic and U.S. Gulf Coast clones differ in the leucine aminopeptidase, DA1 (NADPH diaphorase), and NSE (carboxylesterase) loci, and the sixth-and seventh-pandemic clones differ in the 6-phosphogluconate dehydrogenase and glucose phosphate isomerase loci (16, 45) . Whether the differences are due to recombination or arise by mutation cannot be determined by MLEE, but they are very obvious from the sequences. In light of our observations and conclusions from the sequence data, the difference in mobilities of the enzymes between the clones is most likely due to recombination, but this can be confirmed only by sequence analysis of the genes.
Recombination in V. cholerae. The recombination discussed above is not expected to be due to diversifying selection, suggesting a high level of recombination for V. cholerae. We applied the algorithm used by Maynard Smith et al. to detect levels of association between alleles at different loci (33) to the MLEE data set for 260 V. cholerae strains (45) . The index of association (I A ) is a generalized measure of linkage disequilibrium, with an expected value of zero if the association between loci is random. For all V. cholerae isolates, I A equals 1.57 with a standard error of 0.09, indicating there is a nonrandom distribution of alleles, which is evidence for a clonal population structure. However, this value is biased by the overrepresentation of isolates of the sixth and seventh pandemics of cholera, and when only ETs are considered, I A falls to Ϫ0.092 Ϯ 0.17, a value consistent with a nonclonal or weakly clonal population.
A comparison of the phylogenetic trees for mdh, hlyA, and asd shows a lack of congruence between the trees, which is concordant with the conclusion from the statistical test on the isozyme data. The only exception to the lack of congruence are two pairs of strains, M559-M560 and M557-M558, each pair possessing either identical or very similar mdh, hlyA, and asd sequences.
The mdh and hlyA gene trees are more congruent with each other than with the asd gene tree, where the difference in phylogenies is due to recombination. For example, strain M555 has the same hlyA sequence as strains M559 and M560 and a similar mdh sequence (0.32% pairwise difference) but differs in its asd sequence from strains M559 and M560 by 4.16 and 4.06% of the nucleotides, respectively. In addition, strains M535 and M553 have identical mdh sequences and similar hlyA sequences (0.77% pairwise difference) but differ in the asd locus by 2.13%.
The asd locus has been affected by gene transfer among the pathogenic clones also, since these clonal lineages diverge significantly at this locus (26) . Across the mdh and hlyA gene trees, the pathogenic clones cluster with the environmental isolates M535 and M548, but in the asd gene tree, it is only the seventh-pandemic clone which clusters with these two environmental isolates. The sixth-pandemic and U.S. Gulf Coast clones are found within different lineages in the asd gene tree, where the noncongruence in the genealogies of these pathogenic clones is most likely a result of independent gene transfers which occurred after their divergence from a common ancestor.
It is interesting that the asd locus has undergone two (or three) recombination events among the pathogenic isolates, whereas there has been only one event involving the whole gene in each of the dnaE and recA genes and no recombination in the mdh and hlyA genes in the pathogenic lineage. This is consistent with a high but random level of recombination involving large (greater than gene size) fragments. However, the fact that there is evidence for intragenic recombination in asd suggests that it is particularly subject to recombination. We have no explanation for the high rate of recombination observed for asd.
The emergence of cholera. Characteristics of the disease cholera, such as long-term immunity of the host, lack of a carrier state, and no known animal host, suggest that it was probably rare or nonexistent in the Paleolithic period, when the relative isolation in which the small hunter-gatherer societies existed could not have supported the continual propagation of such infectious diseases (18) . Cholera most probably emerged after the Neolithic revolution, which occurred first in the Middle East some 10,000 years ago, where the invention and/or adoption of agricultural practices by nomadic groups enabled higher densities of humans to subsist. With the establishment of villages and their water supplies, the change from the nomadic to the sedentary lifestyle of human populations provided an opportunity for an environmental V. cholerae bacterium to acquire the necessary virulence mechanisms to survive and multiply in the specific niche of the intestines of humans. Diarrhea induced by extracellular proteins, mainly the cholera toxin, provided the means by which the organism could be released back to the environment, to await infection of the next host.
The genes encoding the cholera toxin comprise part of the genome of the phage encoding cholera toxin, CTX (51) , which uses the toxin coregulated pilus (TCP) as a receptor, with the genes encoding the TCP being found within a potentially mobile element, the V. cholerae pathogenicity island (VPI) (27) . It has been suggested that the adaptation to pathogenesis of V. cholerae involved a sequential process (35) , initially requiring the expression of the TCP for CTX transduction. For the sixth-and seventh-pandemic clones, whether this process of acquisition occurred before or after their divergence from a common ancestor remains unclear, as the two clones differ in the chromosomal location and copy number of the CTX (cholera toxin) element; the sixth-pandemic clone containing two separate copies compared to the one to three tandem copies of the CTX element found in the seventhpandemic clone (34) . They also exhibit sequence divergence in the ctxB (38) and tcpA (23) genes, which may reflect diversifying selection pressures or indicate independent acquisitions of the CTX and VPI elements.
The emergence of a common ancestor of the present pathogenic clones of V. cholerae probably occurred relatively recently, as no variation was detected within the mdh gene or in the hlyA segment (except for the 11-bp deletion in the sixthpandemic clone) of the pathogenic isolates over a 57-year time period. Similarly, no variation was detected in the recA and dnaE genes of the pathogenic clones, although recombination in the recA gene of the sixth-pandemic clone, in the dnaE gene of the U.S. Gulf Coast clone, and in the asd gene of these clonal lineages suggests that recombination is frequent in V. cholerae, higher than the mutation rate in these pathogenic clones.
The lack of mutational changes and the high frequency of recombination in the loci studied make it difficult for clear relationships to be determined for the pathogenic clones. From MLEE data, it appears that the U.S. Gulf Coast clone diverged before the emergence of the sixth-and seventh-pandemic clones, suggesting that the U.S. Gulf Coast isolates are remnants from one of the previous pandemics that swept across North America. The 11-bp deletion in hlyA of the sixth-pandemic clone and the fact that some of the characteristics which distinguish the classical and El Tor biotypes involve loss of function (e.g., Vogues-Proskauer reaction and hemagglutination) indicate that it diverged from a common ancestor with the seventh-pandemic clone which had these properties intact. The high rate of recombination and the existence of pathogenic strains from outbreaks between 1937 and 1954 which are very closely related to isolates of the seventh pandemic has major implications for our understanding of how new pandemics emerge. Recombination could be seen as a mechanism whereby recombinant phenotypes are generated from existing pathogenic isolates which, given the right selection pressures, emerge as new pandemics of cholera.
